Fungal nitric-oxide reductase (NOR) is a heme enzyme that catalyzes the reduction of NO to
Nitric oxide (NO) 1 serves as a messenger molecule for a variety of biological functions, including neurotransmission, vascular relaxation, and the inhibition of platelet aggregation. In mammalian systems, NO is generated from L-arginine and molecular oxygen (O 2 ), via catalysis by heme-enzyme nitricoxide synthase, whose crystal structure has recently been reported (1) (2) (3) . Subsequently, the generated NO binds to the heme iron of soluble guanylate cyclase activating the conversion of GTP to cGMP. In addition, the crystal structures of the heme-based NO transport protein, nitrophorin, of a blood sucking insect were recently reported (4, 5) . NO is also a potential ligand (inhibitor) of many hemoproteins such as myoglobin, hemoglobin, and peroxidase (6 -8) . Despite the close relation of NO to hemoproteins, only a small amount of structural information is available for NO adduct of hemoproteins. It is particularly noteworthy that much less is known concerning the ferric-NO (Fe 3ϩ -NO) complex of hemoproteins, and only one crystal structure of cytochrome c peroxidase by Poulos and co-workers (8, 9) and two of the ferric-porphyrin model compounds, Fe 3ϩ (NO)TPP(H 2 O)⅐ClO 4 and Fe 3ϩ (NO)OEP⅐ClO 4 , by Scheidt and co-workers (10) have been reported.
Fungal nitric oxide reductase (NOR), a heme enzyme, is involved in the denitrification process by the fungus Fusarium oxysporum (11) . In this process, NO is produced from the reduction of NO 2 Ϫ catalyzed by nitrite reductase, which represents an additional NO generating biological system. In order to detoxify the generated NO, fungal NOR converts NO to N 2 O by the reaction (11),
Based on spectroscopic and kinetic studies of this reaction, we proposed that the overall enzymatic reaction (Scheme 1) consists of three chemical reactions, Schemes 2-4 (12); I is designated as the reaction intermediate, which is transiently generated in the catalytic reaction. The formation of I, i.e. the NADH-dependent reduction of the Fe 3ϩ -NO form, is the rate-determining step of the overall reaction. Recent time-resolved resonance Raman investigations have led to the suggestion that the intermediate is possibly in a Fe 2ϩ (NO) Ϫ H ϩ state, which is suitable for subsequent N-O bond cleavage and N-N bond formation in the third reaction step (Scheme 4) (13) . Therefore, the Fe 3ϩ -NO form represents one of the key states in terms of our understanding of the molecular mechanism of the reduction of NO by fungal NOR.
We recently reported crystal structures of fungal NOR in the ferric resting and ferrous CO states at a 2.0-Å resolution at room temperature (14) . This represents the first report of the crystal structure of an enzyme which has NO reduction activity. The overall structure is essentially the same as those of monooxygenase cytochrome P450s, and is consistent with our conclusion that the fungal NOR is a member of the P450 superfamily (CYP 55A1) (15) . The crystal structure indicated that Ser 286 is present in the heme pocket, and forms a hydrogen-bonding network which connects the active site of the enzyme to the solvent region through 
MATERIALS AND METHODS

Construction of Expression
Plasmid-The N-terminal coding portion of fungal NOR cDNA (15) was replaced with the NdeI-BssHII oligonucleotide duplex; TATGGCATCTGGTGCTCCGTCTTTCCCGTTCTCG ACCGTAGACCACGAGGCAGAAAGGGCAAGAGCGCGC composed of the Escherichia coli optimal codons, and the resultant fragment was cloned into the pRSET-C vector for its expression under the control of the T 7 promoter. JM109(DE3) was used as an E. coli host strain. Site-directed mutagenesis was carried out by polymerase chain reaction using these mutated primers.
Protein Purification-The wild type (WT) and mutant genes were expressed in E. coli strain JM109(DE3), and the gene products were purified by essentially the same procedure as has been reported for the native enzyme from F. oxysporum (11, 16) . The E. coli, which was transformed with plasmid pRSET-C carrying a gene for either the WT or the mutant enzyme, was grown overnight with vigorous shaking at 37°C in 2 liters of LB broth containing 100 g/ml ampicillin. This overnight culture was added to 20 liters of TB broth supplemented with 100 g/ml ampicillin and incubated for 4 h at 37°C with vigorous shaking, followed by a further incubation for 3 h at 37°C, following the addition of 0.05 mM isopropyl-1-thio-␤-D-galactopyranoside. The harvested E. coli was lysed by treatment with lysozyme in a hypotonic buffer containing 5 mM potassium phosphate at pH 8.0, followed by sonication for 10 min at 0°C. The resulting cell homogenate was centrifuged at 10,000 ϫ g for 1 h. The supernatant from this centrifugation was dialyzed against the same buffer, and loaded on a high performance liquid chromatography system (Shimadzu, Model 8A) equipped with an anion-exchange column DEAE-FF (Amarsham Pharmacia Biotech). The column was developed with a linear gradient of 5-50 mM potassium phosphate. The elute, which contained the enzyme, was concentrated by ammonium sulfate precipitation, dialyzed against 10 mM potassium phosphate buffer (pH 6.0) containing 10% glycerol, and chromatographed on a DE52 (Whatman) column equilibrated with the same buffer. The column was developed with a linear gradient of 10 -20 mM potassium phosphate. The purity of the enzyme was monitored spectrophotometrically, and fractions showing a A 413 /A 280 ratio of around 1.5 were pooled for use. The spectroscopic and enzymatic properties of the WT enzyme expressed in E. coli were identical to those of the native enzyme from F. oxysporum.
Kinetic Measurements of NO Binding and Enzymatic Reaction of NO Reduction-The NO binding to the ferric iron of fungal NOR was determined using a flash-photolysis technique which has been described previously (6) . Stopped-flow rapid scan measurements were carried out to kinetically and spectroscopically follow the formation of intermediate by reduction of the ferric-NO complexes with NADH using methods which have been described elsewhere (12) .
Spectral Measurements-Absorption spectra were measured at 20°C using a Hitachi U-3000 spectrophotometer. The extinction coefficient of each enzyme was calculated by the pyridine hemochrome method (17) . The catalytic activities of the enzymes were assayed by spectrophotometrically monitoring the rate of NADH consumption under the catalytic condition ([NADH] ϭ 0.16 mM, [NO] ϭ 1 mM, [Enzyme] ϭ 10 nM) (12) . The concentration of NADH was determined from the absorbance at 340 nm using a molar absorption coefficient of 6.22 mM Ϫ1 cm Ϫ1 . The resonance Raman and IR spectra were measured using JASCO NR-1800 and JEOL JIR600 spectrometers, respectively; details of these procedures have been described previously (18) .
Crystallization and X-ray Crystallography-The single crystals in the ferric resting state were prepared by the method reported previously (14) , and were converted to the corresponding NO adducts. All crystals were flash frozen in liquid nitrogen for both storage and data collection at cryogenic temperatures (100 K). Analysis of diffraction images showed that the crystals of the recombinant enzymes were isomorphous to that of the fungal enzyme. High-resolution data were obtained at the synchrotron radiation source of the BL44B2 (RIKEN Beam Line 2) station in the SPring-8, Harima, Japan. All data sets were collected on R-AXIS IV imaging plates as a detector. Integrated intensities were obtained using the HKL DENZO and SCALEPACK programs (19) . Statistics of the data collection are given in Table I . The atomic model was built using the program TURBO-FRODO (20) , and improved with SigmaA-weighted ͉2F o Ϫ F c ͉ and ͉F o Ϫ F c ͉ maps (21) iteratively with X-PLOR (22) . The structures of the native fungal enzyme in the P2 1 2 1 2 1 space group (PDB ID: 1ROM), without the coordinates of the ligand NO and water molecules, were used as an initial model for refinement of the structures of the WT and mutants. After the first round of rigid body, simulated annealing, and B-factor refinements, a ͉2F o Ϫ F c ͉ map was calculated. A high electron density was found for the NO molecule. After manual rebuilding of the NO and water molecules, other rounds of refinement were done, in which positional, individual B-factors and bulk solvent correction of the protein model were included. Water molecules were placed at positions, where spherical densities were above 1.5 in the ͉2F o Ϫ F c ] map and above 3.0 in the ͉2F o Ϫ F c ͉ map, and where the stereochemically reasonable hydrogen bonds were allowed. Structural evaluations of the final models of the WT and the mutant enzymes using PROCHECK (23) indicated that 90.5% of the residues are in the most favorable regions of the Ramachandram plot, and no residues are in disallowed regions. Coordinates of the ferric-NO complexes of WT, S286V, and S286T mutants have been deposited at Brookhaven Data Bank with ID codes 1CL6, 1CMN, and 1CMJ, respectively.
RESULTS AND DISCUSSION
NO Coordination to Ferric Iron in NOR-
The crystals of the Fe 3ϩ -NO form of fungal NOR were prepared by exposing a crystal of the ferric resting enzyme to NO gas under anaerobic condition. The color of the crystal changed from reddish-brown to red during the formation of the desirable complex (16). 2 Immediately after complex formation, the crystal was frozen in liquid nitrogen for the x-ray diffraction measurements at cryogenic temperature.
The binding of NO resulted in negligible change in the overall structure of fungal NOR ( Fig. 1) (14) . The structure of the 2 The formation of the NO complex in the crystal form was monitored by optical absorption spectral measurements at 100 K, using a customized microscopic spectrometer. After measuring the x-ray diffraction, the optical absorption spectrum of the crystal was also checked, confirming that x-rays had no effect on the iron oxidation state of the crystal.
active site in the Fe 3ϩ -NO form of fungal NOR is shown in Fig.  2 . The Fe-NO bond length is 1.63 Å, and the Fe-N-O angle is 161°(a slightly bent configuration), in apparent agreement with the EXAFS results which we previously reported (18) . The nitrogen atom of the iron-bound NO is positioned off the heme normal axis (a slightly tilt configuration) toward the porphyrin ␤-meso direction, as illustrated in Fig. 2 , where the angle between the heme normal axis and the Fe-N line is 9°. Temperature factors of the nitrogen and oxygen atoms are sufficiently low (12 and 13 Å 2 , respectively), indicating that the bound NO is highly ordered in this complex. This observation also indicates that the crystal sustained no x-ray radiation damage during the diffraction measurement. 3 The Fe-S(Cys 352 ) bond length is 2.31 Å. The iron is displaced only 0.03 Å from the heme plane toward the direction of the bound NO, but remains basically in the in-plane configuration.
In Table II , parameters of the NO coordination geometry of fungal NOR are compared with those of ferric cytochrome c peroxidase, model compounds, and other ferrous hemoproteins.
In the ferric porphyrin model compounds (10), which do not have a thiolate ligand at their 5th coordination position, the binding geometry of NO to the iron is a linear with respect to the Fe-N-O angle of 174°and 177°, although the Fe-NO bond length (1.64, 1.65 Å) is the same as that of fungal NOR. On the other hand, in ferrous hemoproteins and ferrous porphyrin compounds (6 -8, 27-30) , the bound NO is highly bent with an Fe-N-O angle of 112-149°, and the Fe-NO bond length is in the range of 1.89 -1.97 Å.
The unique NO binding to the ferric iron in fungal NOR, i.e. the slightly bent and tilted coordination, can be explained in terms of the trans electronic effect from the Cys thiolate (S Ϫ ) ligand rather than steric influence on the Fe-NO moiety. The environment of the iron-coordinated NO is not sterically crowded, as shown in Fig. 2 . The electron-rich axial ligand possibly retards electron donation from the bound NO to the iron, but facilitates the back-donation from the iron to the bound NO. As a consequence, the electron density on the ironbound NO in the fungal NOR is relatively high and the electronic state can be formally described as "Fe 3ϩ -NO." As a result, its N-O stretching was observed at 1851 cm Ϫ1 (neutral NO) (18) . (Neutral NO shows an the N-O stretching at 1840 cm Ϫ1 , while nitrosonium (NO ϩ ) and nitroxyl anion (NO Ϫ ) at 2300 and 1290 cm Ϫ1 , respectively (31).) As the case of fungal NOR, the iron-bound NO in ferric cytochrome c peroxidase is ferric-NO Mb, and 155°for ferrous-NO Mb. In their paper (18), they were critical of our EXAFS results of fungal NOR, in which the Fe-N-O angle in the ferric-NO complex was poorly determined. They suggested that the ferric-NO form might be mixed with the ferrous NO form which could have been generated in the reduction by the x-ray during the EXAFS measurements. Our present crystallographic and spectroscopic results show unequivocally that the Fe-N-O angle of the ferric-NO complex of fungal NOR is 161°. 
where I i is the intensity of an observation and ͗I͘ the mean value for that reflection and the summations are over all reflections. The free R factor was calculated with 5% of the data. bent with an Fe-N-O angle of 125-135°(8, 9), since its proximal ligand has an imidazolate character, which results from the strong hydrogen bond with the Asp 235 carboxylate. These electronic configurations are in sharp contrast to those of the ferric-NO forms of myoglobin (Mb) and hemoglobin (Hb), and of the model compounds (linear NO coordination (8, 18) ). In these cases, the electron donation from the bound NO to the ferric iron through the -orbital is facilitated, and NO acts as an electron donor. In the case of their ferrous-NO complexes, NO is an electron acceptor, and consequently the electron backdonation from the iron to the NO ligand through a -orbital is favorable, resulting in a highly bent NO coordination. Indeed, the N-O stretching is located at 1925 cm Ϫ1 (NO ␦ϩ ) and 1612 cm Ϫ1 (NO ␦-) for the ferric and ferrous NO complexes of other hemoproteins (32) (33) (34) , respectively. The characteristic electronic structure in ferric fungal NOR, where the electron is slightly donated from the iron to the NO ligand through the -orbital, results in a slightly bent NO coordination. The above explanation of the electronic structure is also consistent with the observation that the NO adduct of ferric NOR resists autoreduction (18) , while that of ferric Mb and Hb are readily autoreduced to their ferrous NO forms (31, 33) .
Heme Environmental Structure of Ferric-NO Complex of NOR-In comparing the structure of the Fe 3ϩ -NO form determined at cryogenic temperature with that of the Fe 2ϩ CO at room temperature (14) , the overall structure is the same (root mean square deviation ϭ 0.42 Å for the main chain and 1.03 Å for the side chains with 0.41 Å of the fitting error), indicating no frozen effect on the crystal structures of fungal NOR for the ligand-bound form. The most striking difference is the location of additional water molecules in the interior and on the exterior of the protein molecule. Whereas about 150 water molecules were detected at room temperature, about 320 are visible at cryogenic temperature; water molecules having a temperature factor smaller than 45 Å 2 , are clearly observed. ). These water molecules are hydrogen-bonded with some hydrophilic group of the peptide, and eventually surround the iron-bound NO.
A schematic representation of the active site of the final refined models for the Fe 3ϩ -NO form of the WT enzyme are shown in Fig. 4A, which tance of 3.10 Å, is closest to the iron-bound NO among the water molecules present in the heme pocket. (12) , as shown in Fig. 5 . We previously reported that the enzymatic activities of fungal NOR, as determined by the rates of NADH consumption and N 2 O formation, coincide with each other. The specific activities thus obtained, which are given as values relative to the activity of the WT enzyme, are compiled in Table III . The S286V mutant enzyme had only 1% the activity of the WT enzyme. The S286T, D393V, and D393L mutants have 8, 9, and 4% the activity, respectively. These results clearly indicate the importance of Ser 286 and Asp 393 in the reduction of NO by fungal NOR.
The rate constants for the binding of NO to the ferric iron (k 1 :
Scheme 2) and for the NADH-dependent reduction of the resultant ferric-NO complex (k 2 : Scheme 3) were obtained for all mutant enzymes employed, and the results are compiled in Table III . Because of the short life time of the intermediate (1 ⁄2 ϭ ϳ20 s) (12) , it was, in practice, difficult to obtain the reaction rate constant of the third reaction (Scheme 4) using conventional stopped-flow techniques. However, under the catalytic condition, i.e. in the presence of excess NO, Scheme 4 is so accelerated that the intermediate is not spectrophotometrically isolated during the catalytic reaction (12) , suggesting that the rate-limiting step in the overall reaction is not step 4, but, rather, the reduction of the Fe 3ϩ -NO complex. The k 1 value of S286V is 5-fold larger than that of the WT enzyme, and those of S286T, D393L, and D393V are slightly different from that of the WT enzyme. The k 2 value, i.e. the rate constant for the intermediate formation, was decreased 27-fold for S286V (4%), 9-fold for S286T (11%), 16-fold for D393L (6%), and 7-fold for D393V (14%), compared with that for the WT enzyme.
Slight changes of the k 1 value (the binding of NO to the ferric enzyme) are possibly due to changes in energy barriers which kinetically control the entry of NO from the solvent region to the heme pocket, as a result of the mutation. On the basis of comprehensive mutation studies of Mb (see Refs. 30 and 31, and references therein), it can be expected that the ordered water molecules in the heme pocket give rise to kinetic energy barriers for the entry of ligand into the heme pocket. Details on this will be discussed elsewhere on the basis of the crystal structures of the WT and the mutant enzymes in the ferric resting state. 4 On the other hand, it is noteworthy that the magnitude of the decrease in the k 2 value is nearly comparable to that of the decrease in the overall NO reduction activity as the result of mutation. The mutations of Ser 286 and Asp 393 mainly effect on the NADH-dependent rate of reduction of the ferric-NO com-plex (intermediate formation), resulting in a decrease in the NO reduction activity of the fungal NOR. We then determined the crystal structures of the Fe 3ϩ -NO forms of the Ser 286 mutants (S286V and S286T), and characterized the active site structure of the Asp 393 mutants (D393V and D393L) as well as the Ser 286 mutants using the vibrational (Raman and IR) spectroscopic techniques.
Structural Changes on Ser 286 Mutation-Structural comparison between the S286V, S286T, and WT enzymes suggests that the overall structure (data not shown) and the NO coordination geometry (Table II) To clarify the structures at the heme proximal side more precisely, we also measured the Fe-S stretching (Fe-S) of the WT and the mutant enzymes. This frequency is located at 346 cm Ϫ1 for the WT enzyme, as shown in Fig. 6 . The position is slightly different from that of the Fe-S of Pseudomonas putida P450cam, which appears at 351 cm Ϫ1 (36) . Between the WT and the mutant enzymes of fungal NOR, the Fe-S does not exhibit any difference in its position, thus confirming the crystallographic results that the Ser 286 mutations have little effect on the structure around the fifth thiolate ligand of the fungal NOR.
On the other hand, as illustrated in Figs. 3 and 4 , the location of the water molecules in the heme pocket of the Ser 286 mutant enzymes is significantly different from that of the WT enzyme, and, as a consequence of this, the hydrogen-bonding network in the heme pocket are significantly rearranged upon replacement of Ser 286 with Val or Thr. These observations suggest that highly ordered water molecules and well defined hydrogen-bonding networks are required for fungal NOR activity.
In the S286V mutant, Wat 74 is removed from its original position upon mutation (Figs. 3B and 4B ). This water molecule is invisible even at a lower contour level, and is possibly destabilized, due to the lack of hydrogen bonding ability of the hydrophobic side chain of Val 286 . Wat 33 is still present at its original position, but does not interact with the 286 side chain. Therefore, the Ser 286 /Asp 393 hydrogen-bonding network observed in the WT enzyme is completely disrupted in the S286V mutant enzyme, disconnecting the enzyme active site to the solvent. On the other hand, Wat 292 (B ϭ 44Å 2 ) is still visible in this mutant, and is located 2.95 Å away from the bound-NO. The active site of the S286V mutant enzyme is connected to the solvent through the Thr 243 hydrogen-bonding network, but this mutant does not exhibit any catalytic activity with respect to NO reduction.
In the S286T mutant, whose enzymatic reactivity is only 8% of the WT enzyme, the most striking structural feature is the hydrogen bond between the hydroxyl groups of -CO complexes in order to characterize the structures of the ironbound ligands in solution. The spectra of the Fe 3ϩ -NO forms of the WT and the mutant enzymes are shown in the right panel (high frequency region) and the left panel (low frequency region) of Fig. 7 . The spectral feature in the high frequency region, e.g. 3 , 4 , 10 , and so on, are the same for the WT (18) and the Ser 286 mutant enzymes. As shown in the left panel, the position of the Fe-NO stretching frequency (Fe-NO) is also unchanged (529 Ϯ 1 cm Ϫ1 ) for the cases of Ser 286 mutations. We also found that the N-O stretching frequency (N-O) was observed at 1851 Ϯ 1 cm Ϫ1 for all enzymes examined (data not shown). These observations suggest no structural change around the iron-bound NO upon the Ser 286 mutations, in apparent disagreement with the crystallographic results described above. However, we recently found that the positions of the Fe-NO and the N-O of the Fe 3ϩ -NO complexes are insensitive to changes in the electronic structure or the hydrophobicity of the heme moiety. For example, when the heme of fungal NOR was substituted by a modified heme in which the heme had a variety of electron densities using a heme modification technique, it was found that the Fe-NO and N-O positions were essentially unchanged among the modified Fe 3ϩ -NO enzymes (37) . In addition, it was also reported that the Fe-NO and N-O positions in Fe 3ϩ -NO porphyrin model compounds were insensitive to different substituents at the periphery of the porphyrin (38) and to variations in organic solvents with different polarities. 5 The vibrational spectral data of the Fe 3ϩ -NO complexes provided no information on the electronic structure of the Fe-NO coordination. However, Kincaid and co-workers (39) reported that the Fe-NO position for P. putida P450cam was sensitive to and varied with the size of substrates bound to the enzyme, thus suggesting that the Fe-NO position is sensitive to the Fe-N-O coordination geometry, e.g. ϽFe-N-O, exposed by steric hindrance, rather than to the chemical environment at the Fe-NO moiety. According to these observations, it is likely that the Ser 286 and Asp 393 mutations, at least, have negligible effects on steric constraint around the Fe-NO moiety of fungal NOR.
In order to examine changes in the chemical environment around the Fe-ligand moiety as the result of mutation, we focused on the Fe-CO stretching (Fe-CO) and the C-O stretch- 5 T. Higuchi, Tokyo University, private communication. Fe, as shown in the form of the difference spectrum in the inset. The laser excitation wavelengths were 364 nm from the Ar ϩ laser whose intensity at the sample point were 10 milliwatts. The intensity scale of the spectra presented in the low frequency region was expanded three times relative to that of the high frequency spectra. All solutions contained 100 mM potassium phosphate which were adjusted at pH 7.0. The concentration of proteins was 50 M. The laser excitation wavelength was 413 nm, whose intensity at the sample point was 10 milliwatts.
ing (C-O) frequencies in the resonance Raman and IR spectra of the WT and the mutant enzymes, as shown in Figs. 8 and 9 , respectively. The Fe-CO frequency is reported to be a sensitive indicator of hydrophobicity around the Fe-CO moiety (40, 41) . For example, the Fe 2ϩ -CO complex of fungal NOR shows a Fe-CO at 487 cm Ϫ1 (18, 38) , while that of the camphor-bound form of P450cam appears at 484 cm Ϫ1 (42, 43) . The higher frequency shift of the Fe-CO in fungal NOR than in P450cam can be explained in terms of the more hydrophilic environment of the heme pocket. Indeed, the water molecule (Wat 74 ) is located adjacent to the Fe-CO moiety of fungal NOR, while no water molecule is present in close proximity to the Fe-CO moiety of P450cam (44) .
Although the spectral features in the high frequency region are indistinguishable between the enzymes examined (see Fig.  8 ), the Fe-CO of S286V (482 cm Ϫ1 ) and S286T (484 cm Ϫ1 ) shifted to a frequency which was lower than that of the WT (487 cm Ϫ1 ). The C-O of S286T appeared at 1940 cm Ϫ1 , while that of WT was at 1942 cm Ϫ1 as reported previously (45) . The C-O of S286V was observed at 1944 cm Ϫ1 with a shoulder band at 1934 cm Ϫ1 . In the case of the S286V mutant of fungal NOR, compared with the WT enzyme, the Fe-CO is shifted by 5 cm Ϫ1 to lower frequency, showing a more reasonable hydrophobic environment of the Fe-CO moiety in the S286V mutant than in the WT enzyme. This is entirely consistent with the structural change revealed in the crystal structure of the S286V mutant enzyme, i.e. loss of Wat 74 due to the lack of hydrogen bonding ability of the Val 286 side chain. On the other hand, the Fe-CO position of the S286T mutant enzyme, which is located at a higher frequency by 2 cm Ϫ1 than that of the S286V mutant enzyme, but at a lower frequency shift by 3 cm Ϫ1 than that of the WT enzyme, indicates that the Fe-NO environment of S286T is less hydrophobic than that of S286V but more hydrophobic than that of WT. Consistent with the crystal structure of the S286T mutant, the Wat 74 is absent, but the hydroxyl group of Thr 286 is present, analogous to the Ser residue.
In This proton delivery system of fungal NOR can be comparable to those of cytochrome P450s, since fungal NOR belongs to the P450 superfamily (15) . The protons utilized in the monooxygenation reaction by P450s are thought to be delivered to the heme active site through a specific hydrogen-bonding network that connects the active site to the solvent (46 -54) . Several important hydrogen-bonding networks which could participate in the proton transfer in the monooxygenation reaction have been identified, as the result of crystallographic and mutagenesis studies of monooxygenase P450s. The Thr residue in the distal I helix, which is located in close proximity to the heme active site, is conserved in nearly all monooxygenase P450s (55) (56, 57) . Therefore, it has been suggested that the hydrogen-bonding network including Thr 252 is essential in the proton supply in the monooxygenation by P450cam. In addition, Kimata and co-wokers (58) found that P450cam continued to show monooxygenation activity, when Thr 252 was replaced with an unnatural amino acid residue, O-methylthreonine. This observation suggests that the hydroxyl group of Thr 252 does not act as a direct proton donor. Rather a water molecule, which is possibly hydrogenbonded with Thr 252 but is crystallographically invisible, might act as a proton donor to the iron-bound O 2 .
Gerber and Sligar (59) and Vidakovic et al. (60) pointed out the importance of Asp 251 through mutagenesis studies of P450cam, in which its enzymatic activity was dramatically decreased on substitution of asparagine for Asp 251 , which resulted from a decrease in the rate of proton transfer accompanied with the second electron transfer for the O 2 activation. In their model, Asp 251 serves as a proton shuttle between Thr 252 and the solvent-accessible residues. The acidic residue located prior to the conserved threonine in the I helix is highly conserved in monooxygenase P450s; e.g. Glu 267 in P450BM3 and Asp 270 in P450terp. The conserved threonine and conserved acidic residue in the I helix of the monooxygenase P450s could act in concert as a proton delivery system in these catalytic reactions.
On the other hand, P450eryF does not contain a conserved Thr in its I helix, but another type of the specific hydrogenbonding network is present in its heme distal side; 6-deoxyerythronolide B (substrate) 5-OH-Wat 519 -Wat 564 -Ser 246 -Glu 360 . As evidenced by crystallographic and mutagenesis results, the network has been suggested to function as the proton delivery system, and the Wat 519 is considered to be the proton donor to the iron-bound O 2 (61) . Thus, a conserved Thr is not necessarily the only possibility for the proton shuttle.
The Thr 243 residue of fungal NOR is corresponds to the "conserved" Thr of P450s (15) . In addition, a finding of Wat 292 (see Fig. 3 ) raised the possibility that the Thr 243 hydrogenbonding network may function as a proton delivery pathway. Indeed, the Thr 243 mutation significantly affects the NO reduction reactivity of fungal NOR (35) ; the T243N (Thr 243 3 Asn) mutant exhibited 67% the activity of the WT enzyme, while the T243V (Thr 243 3 Val) had only 0.8% the activity. However, we cannot strongly support this possibility, mainly because the S286V mutant enzyme is not active in NO reduction (Table III) , although, its active site is connected to the solvent through the Thr 243 hydrogen-bonding network (see Figs. 3B and 4B). A possible reason for this is that Wat 292 is disordered or rapidly exchanges with the solvent water (a relatively high temperature factor at cryogenic temperature). This is consistent with the previous suggestions that the disordered water molecule cannot function as a proton donor in the monooxygenation reaction by P450s (61) .
The crystal structure of the Fe 3ϩ -NO form of fungal NOR has been reported. Our results suggest that the NO-coordination geometry sensitively reflects environmental characters around the Fe 3ϩ -NO moiety including electronic and steric effects. This finding contributes to our understanding, not only of the catalytic mechanism of the NO reduction by fungal NOR, but also interaction of NO with other hemoproteins such as nitric-oxide synthase, guanylate cyclase, and nitrophorin. In addition, by combining cryo-crystallographic and mutagenesis techniques, we were able to definitely determine the proton delivery pathway (Ser 286 /Asp 393 hydrogen-bonding network) from the solvent water to the Fe-NO moiety in the NO reduction by fungal NOR. The pathway is quite unique in fungal NOR, and is entirely different from those of the monooxygenase cytochrome P450s.
